Purpose Most methods to increase transdermal drug delivery focus on increasing stratum corneum permeability, without addressing the need to increase permeability of viable epidermis. Here, we assess the hypothesis that viable epidermis offers a significant permeability barrier that becomes rate limiting upon sufficient permeabilization of stratum corneum. Methods We tested this hypothesis by using calibrated microdermabrasion to selectively remove stratum corneum or full epidermis in pig and human skin, and then measuring skin permeability to a small molecule (sulforhodamine) and macromolecules (bovine serum albumin, insulin, inactivated influenza vaccine) in vitro. Results We found that removal of stratum corneum dramatically increased skin permeability to all compounds tested. However, removal of full epidermis increased skin permeability by another 1-2 orders of magnitude. We also studied the effects of removing skin tissue only from localized spots on the skin surface by covering skin with a mask containing 125-μm holes during tissue removal. Skin permeabilized in this less-invasive way showed similar results. This suggests that microdermabrasion of skin using a mask may provide an effective way to increase skin permeability. Conclusions We conclude that viable epidermis offers a significant permeability barrier that becomes rate limiting upon removal of stratum corneum.
INTRODUCTION
Transdermal delivery is an attractive route of drug administration due to the skin's large surface area and ease of administration (1) . Further advantages are that it avoids drug degradation due to the first pass effect of the liver, does not involve the use of needles, and does not cause pain. However, the skin serves as a barrier that protects the body from the external environment and prevents water loss. This barrier function also prevents most hydrophilic and large molecular weight drugs (>500 Da) from penetrating intact skin.
The main barrier to transdermal drug delivery is the stratum corneum, the top layer of skin. The stratum corneum measures 10-15 μm thick and is composed of dead flattened corneocytes that are surrounded by a lipid extracellular matrix (2) . Below is the viable epidermis, which is a cellular, avascular tissue measuring 50-100 μm thick. The stratum corneum and viable epidermis together comprise the full epidermis. There is a basement membrane at the base of the epidermis and there is recent evidence for the existence of tight junctions in the viable epidermis (3), both of which may offer resistance to transport of molecule across the epidermis. Deeper still is the dermis, which is largely a fibrous tissue measuring 1-2 mm thick. There is a rich capillary bed in the superficial dermis just below the epidermis, which is the primary site of drug uptake into systemic circulation. Thus, successful transdermal drug delivery typically involves drug transport across the epidermis to the superficial dermal capillary bed.
Because the stratum corneum is the greatest barrier to transport, most methods to increase transdermal drug delivery have emphasized increasing stratum corneum permeability. Chemical enhancers disorganize or extract intercellular lipids of the stratum corneum (4, 5) , where recent approaches have involved designing formulations (6) or biochemical methods (7) that specifically target stratum corneum lipids. Ultrasound uses cavitation to disrupt stratum corneum lipids (8) and various other physical methods, including microneedles, thermal ablation and microdermabrasion, create micron-scale holes in the stratum corneum to increase permeability (9) .
Until recently, methods to increase stratum corneum permeability were generally not effective enough to make the stratum corneum so permeable that the barrier posed by the viable epidermis mattered. However, that has now changed with the development of various physical methods and highly optimized chemical formulations, such that we need to revisit the permeability of the full epidermis and not focus only on stratum corneum. This study therefore tests the hypothesis that viable epidermis offers a significant permeability barrier to both small molecules and macromolecules that becomes the rate limiting step upon sufficient permeabilization of the stratum corneum.
Stated another way, this study seeks to determine if transdermal delivery strategies should seek to selectively increase stratum corneum permeability or if they should be designed to increase the permeability of the full epidermis. Should thermal ablation and microdermabrasion devices remove just stratum corneum or should they make holes that fully cross the epidermis? Should microneedles be optimally designed to puncture just across the stratum corneum or would they be more effective if they crossed the full epidermis? Are chemical and physical methods that target stratum corneum inherently limited in their ability to increase transdermal delivery because they do not also affect the barrier properties of viable epidermis?
To provide insight into these questions, we used calibrated microdermabrasion to selectively remove either stratum corneum alone or the full epidermis and then assessed skin permeability. Microdermabrasion is a non-invasive, FDA-approved cosmetic technique that is used to reduce the appearance of superficial scars and wrinkles (10) (11) (12) . The procedure removes skin tissue by bombarding it with abrasive particles under vacuum (13, 14) . Although the procedure was originally designed for cosmetic use, researchers have used microdermabrasion to increase skin permeability by partial or complete removal of stratum corneum (15) (16) (17) (18) .
To provide more controlled tissue removal, we previously studied the effects of microdermabrasion operating conditions on tissue removal from the skin (19) . We optimized conditions that remove stratum corneum alone, without significant removal of viable epidermis, and other conditions that remove the full epidermis. We have used these optimized conditions in the present study to compare skin permeability after removal of stratum corneum alone versus removal of full epidermis.
MATERIALS AND METHODS

Porcine Skin Experiments (Without a Mask)
Abrasion Protocol
All microdermabrasion experiments without the use of a polymer mask were conducted on excised full-thickness adult feeder porcine dorsal skin (2-9 month old, average weight 32 kg, Pel-freeze Biologicals, Rogers, AR) using a Gold Series MegaPeel microdermabrasion machine (DermaMed USA, Lenni, PA) with the gold handpiece assembly. The subcutaneous fat was removed with a scalpel, although a thin layer of the subcutaneous tissue remained adherent, and the hair was shaved with surgical prep razors (Medex Supply, Monsey, NY) prior to the experiment. The abrasion area was bounded by a window cut out of a piece of rectangular adhesive foam (the window measured 41 mm by 15 mm) applied to the skin and the microdermabrasion handpiece was moved along the skin within the window in the adhesive foam at a constant speed of 1 pass/s at suction pressures and crystal flow rates described below. Animal tissue used in this way was classified as exempt from review by the Georgia Tech Institutional Animal Care and Use Committee.
Sulforhodamine Delivery
Sulforhodamine B (Invitrogen, Carlsbad, CA), a redfluorescent molecule, was used as a low-molecular weight, hydrophilic drug model. Its molecular weight is 558.6 Da. The delivery experiments were carried out by abrading the skin at two vacuum pressures, −25 and −45 kPa, for 10 and 50 passes each. The crystal flow rate was set to 4.5 turns of the crystal flow rate knob (which corresponds to 0.36 g/s of crystals (19) ). After abrasion, the treated skin and an untreated control were placed in horizontal diffusion cells (PermeGear, Bethlehem, Pa) with a water jacket set to 37°C. Three milliliters of 10 −3 M sulforhodamine B (in PBS) and phosphate buffered saline (PBS, Sigma-Aldrich, St. Louis, MO) were added to the donor and receiver chambers, respectively. For histology experiments, the skin was exposed for 1, 6, or 24 h and then removed for examination. For quantitative skin permeability experiments, the flux of sulforhodamine across the skin over 12 h was quantified by emptying the receiving chamber solution every hour and measuring the fluorescence by calibrated spectrofluorimetry (Photon Technology International, Birmingham, NJ). Fresh PBS was added to the receiver chamber at each sampling point. Three replicates for each time point were carried out. At the conclusion of the experiments, the skin was embedded in Optimal Cutting Temperature Compound (Sakura Finetek, Torrance, CA) and frozen using dry ice for histological analysis.
For the histological analysis, the skin was sectioned at 10 μm thickness using a Leica 3050S cryostat (Leica Microsystems, Wetzlar, Germany). The fluorescence was viewed using a Nikon 600E microscope (Nikon, Toyko, Japan) and pictures were collected using Qcapture camera and software (Q Imaging, Pleasanton, CA). Slides were also stained with routine hematoxylin and eosin using an autostainer (Leica Microsystems) and photographed. All skin samples for each compound were processed using the same histological process unless otherwise noted.
Bovine Serum Albumin Delivery
Texas Red-labeled bovine serum albumin (BSA, Invitrogen, Carlsbad, CA), a red-fluorescent-labeled protein, was used as a model compound for protein delivery. BSA has a molecular weight of 66 kDa. The skin was abraded at a pressure of −50 kPa for 50 passes (1 pass/s) at a crystal flow rate of 4.5 turns of the knob (0.36 g/s) to remove the stratum corneum. The permeation of BSA across skin was studied in the same manner as sulforhodamine, except the skin was placed in vertical Franz cell diffusion chambers (PermeGear, Bethlehem, PA). The vertical Franz cells permitted the use of a smaller donor solution volume. The Franz cells were placed in a heating blocking (PermeGear) set to 37°C. One hundred microliters of 10 −5 M BSA (in PBS) and 5 mL of PBS were added to the donor and receiver chambers, respectively. The donor chamber was covered with parafilm (Pechiney Plastic Packaging, Chicago, IL) to reduce evaporation. The skin was exposed to BSA for 1, 6, and 24 h. The flux was not measured, since we determined in preliminary experiments that significant fluorescent signal was not detected in the receiver solution within 24 h from BSA permeating across the full-thickness pig skin used in this study. At the completion of the experiment, the skin was frozen for histological analysis, as described above.
Inactivated Influenza Virus Delivery
The model vaccine used for delivery was inactivated influenza virus; the molecular weight was ∼3×10 6 Da (20) . Influenza virus was conjugated to red-fluorescent R18 (octadecyl rhodamine B chloride) for fluorescent imaging. To conjugate R18 to the virus, 10 μL R18 (Invitrogen, Carlsbad, CA) was mixed with 200 μL of inactivated virus (3 mg/ml). The solution was incubated for 1 h at room temperature, then ultracentrifuged at 28,000×g for 1 h to remove unbound R18. After centrifugation, 1 mL of 20% sucrose, 9 mL PBS (without Ca or Mg), and 1 mL inactivated virus formulation (200 μL R-18 stained inactivated virus, 0.7 mL PBS, and 0.1 mL fetal bovine serum) were mixed and centrifuged. The supernatant was removed and 200 μL of PBS was added to resuspend the solution overnight at 4°C. The abrasion settings and the diffusion experiments for inactivated influenza virus were conducted using the same abrasion and delivery protocol as the BSA experiment. Histology was used to assess the permeation depth. Due to its large molecular weight, the flux of virus was not measured quantitatively.
Human Skin Experiments (With a Mask)
Sulforhodamine and insulin were delivered to excised split thickness human cadaver skin (National Disease Research Interchange, Philadelphia, PA) after microdermabrasion through a polymer mask. The skin was dermatomed to a thickness of 200 to 600 μm. Human tissue used in this way was classified as exempt from review by the Georgia Tech Institutional Review Board.
The mask was used to reduce the area of abrasion and allow better three-dimensional control of skin removal. The polymer masks were fabricated out of 70 μm-thick polyethylene terephthalate (McMaster Carr, Aurora, OH) and the holes (125 μm diameter) were laser cut with a Hermes LS500XL CO 2 laser (Gravograph, Duluth, GA). This produced a polymer sheet with 408 holes each spaced 500 μm apart (center-tocenter spacing) covering a total area of 0.95 cm 2 .
The mask was adhered to the skin using tape along the sides of the mask and the skin was abraded using the conditions (i) −30 kPa at a crystal flow rate of 0.23 g/s (5 turns of the crystal flow rate knob) for 20 s to remove the stratum corneum and (ii) −50 kPa at a crystal flow rate of 0.95 g/s (0 turns of the crystal flow rate knob) for 60 s to remove the viable epidermis (19) . There were also two negative controls: (i) skin exposed to the test molecule, but not abraded and (ii) skin that was abraded, but only exposed to PBS. Three replicates of each condition were used.
During microdermabrasion, the microdermabrasion tip was moved to multiple sites on the mask to maximize the area of abrasion. After abrasion, the pores were selectively stained with green dye (McCormick & Co, Hunt Valley, MD) and photographed using an Olympus SZX12 stereoscope (Olympus, Tokyo, Japan) and Leica DC 300 camera (Leica Microsystems, Wetzlar, Germany), and analyzed using Adobe Photoshop software (Adobe Systems, San Jose, CA). All skin samples were then placed in vertical Franz cell diffusion chambers and the chambers were housed in a heating block set to 37°C. At the conclusion of each delivery experiment, the area of abrasion was determined again using green dye and the skin was snap frozen in dry ice for histological analysis.
For the sulforhodamine delivery experiments, 200 μL of 10 −3 M sulforhodamine B and 5 mL of PBS were added to the donor and receiver chambers, respectively. The donor chamber was covered with parafilm to reduce evaporation. The receiver chamber was sampled every hour for 12 h by removing all of the liquid and replacing it with 5 mL of PBS at each time point. The sulforhodamine concentration in the receiver chamber was measured, using fluorescence, in the same manner as the sulforhodamine experiments in the previous section. To measure insulin delivery, 100 μL of an insulin solution was added to the donor chamber. The insulin solution consisted of 80 μL of U-500 Humulin-R insulin (Eli Lilly, Indianapolis, IN) and 20 μL of 2.5 mg/ml FITC-labeled bovine insulin (Sigma-Aldrich). The bovine insulin was used to visualize insulin transport during the histological analysis. The receiver chamber contained 5 mL of PBS mixed with 10 −2 M sodium azide (Sigma-Aldrich), a preservative. The donor chamber was covered with parafilm and the donor solution was replaced at each sampling time due to possible instability of the insulin. The receiver chamber was sampled every 6 h for 54 h in the same manner as the sulforhodamine experiments.
The concentration of the FITC-labeled bovine insulin was measured using fluorescence using the same protocol as the sulforhodamine experiments. The total insulin concentration in the receiver chamber solution was additionally quantified using a rat insulin enzyme-linked immunoassay (ELISA) kit (Alpco Diagnostics, Salem, NH), which had cross-reactivity with the Humulin insulin used in this study. The assay was carried out according to the manufacturer's protocol.
RESULTS
Skin Permeability After Removal of Stratum Corneum in Pig Skin
We first identified microdermabrasion conditions that selectively removed different amounts of skin tissue, guided by our previous work that studied this in detail (19) . Fig. 1a shows intact pig skin, with pink-stained stratum corneum on top, purple-stained viable epidermis below, and lightly stained dermis at the bottom. In Fig. 1b , the skin was exposed to microdermabrasion at mild conditions (−45 kPa, 10 passes), which removed part of the stratum corneum, but not all of it. Fig. 1c shows the effects of more aggressive microdermabrasion (−45 kPa, 50 passes), which fully removed the stratum corneum, but left the viable epidermis intact.
Permeation of Sulforhodamine B
Our first experiments sought to validate the role of stratum corneum as a major barrier to transport of molecules, and that removal of stratum corneum enables delivery of a small, hydrophilic molecule (discussed here) and of macromolecules (discussed below). The skin was therefore exposed to sulforhodamine for up to 24 h and then examined histologically to image the depth of penetration of the molecule. Fig. 1d-f show representative images of intact (unabraded) skin over time. The pictures were taken at the same exposure time and gain to allow comparison of the depth and intensity of the sulforhodamine at each time point on the same basis. Very little sulforhodamine permeated into the skin during the 24-h experiment, indicating the good barrier properties of the stratum corneum.
In Fig. 1g -i, the skin was microdermabraded under conditions that fully removed stratum corneum. In this case, sulforhodamine permeated much more rapidly and deeply into the skin, because the stratum corneum barrier was removed. We conducted additional experiments at milder microdermabrasion conditions that only partially removed the stratum corneum, which also increased permeation of sulforhodamine into the skin, but to a lesser extent than after full stratum corneum removal (data not shown).
These finding are presented quantitatively in Fig. 2 , in which the cumulative amount of sulforhodamine that was transported across the full-thickness pig skin after microdermabrasion is shown over time. Sulforhodamine permeation in the untreated negative-control skin was low, which is consistent with the histology shown in Fig. 1 . The cumulative amount transported after 12 h was 0.010±0.008 μg/cm 2 . After skin abrasion that partially removed stratum corneum, sulforhodamine permeation was significantly larger, The cumulative amount transported after 12 h was 0.57±0.06 μg/cm 2 (for the −45 kPa, 10 passes data) which is 57 times greater than in the untreated skin. In this case, two different microdermabrasion pressures were used, but both removed similar amounts of tissue (data not shown), indicating that the number of passes (i.e., time of exposure) is more important to determining tissue removal than is the suction pressure.
Microdermabrasion that removed the full stratum corneum increased transdermal transport still more dramatically. The cumulative amount transported after 12 h was 4.31±0.14 μg/cm 2 (for the −45 kPa, 50 passes data) which is approximately 7.5 times greater than in the partially abraded skin and approximately 430 times greater than in the untreated skin. In this case, transdermal transport reached steady state during the 12-h experiment, which permitted calculation of a skin permeability of 1.4×10 −3 ± 0.2 × 10 −3 cm/h with a lag time of 6.6 ± 1.7 h (for the −45 kPa, 50 passes data). These results are consistent with our expectation that microdermabrasion under conditions that remove stratum corneum can dramatically increase skin permeability to hydrophilic molecules.
Permeation of BSA and Inactivated Influenza Virus
Texas Red-labeled BSA was applied to intact pig skin and, as shown in Fig. 3 , BSA did not diffuse significantly into the untreated negative control skin (Fig. 3a-c) . After complete removal of the stratum corneum, BSA diffused deeply into the skin, especially at the 24 h time point (Fig. 3d-f) . Histological images collected after delivery of R18-labeled inactivated influenza virus similarly showed that insignificant amounts of the virus permeated into intact skin (Fig. 4a-c) , but significant delivery was achieved after removal of stratum corneum (Fig. 4d-f ). This shows that the stratum corneum provided a significant barrier to diffusion of these compounds into the skin, and that microdermabrasion can be used to remove that barrier.
Despite histological evidence for permeation of BSA and inactivated influenza virus into the skin, Franz-cell diffusion measurements over 24 h showed no transdermal delivery above background noise. This is probably because (i) these compounds are much larger than sulforhodamine and therefore diffuse across skin more slowly and (ii) this experiment used full thickness pig skin, which has a thick dermis (2-5 mm) that takes time to cross. However, lack of detectable delivery across the dermis may not be problematic for applications, where proteins for systemic administration need to be delivered to capillaries in the superficial dermis and vaccines need to be delivered to resident antigen-presenting cells in epidermis and dermis.
Skin Permeability After Removal of Stratum Corneum Vs. Removal of Full Epidermis in Human Skin
In the next set of experiments, we made a number of changes to the protocol. First, we used split-thickness human skin, which has the advantages of being human rather than animal tissue and of reducing the thickness of dermis that provides an artifactually large barrier when modeling transdermal delivery to superficial dermal capillaries. We also used microdermabrasion conditions that removed stratum corneum and compared their effects to conditions that removed full epidermis. Finally, we placed a polymer mask containing 125-μm holes on the skin surface during microdermabrasion in order Fig. 1 Representative histological sections of porcine skin showing permeation of red-fluorescent sulforhodamine into skin after tissue removal using microdermabrasion. The top row shows hematoxylin-and eosin-stained skin illustrating the degree of tissue removal: (a) unabraded negative control, (b) partial removal of stratum corneum (microdermabrasion at −45 kPa and 10 passes) and (c) complete removal of stratum corneum (microdermabrasion at −45 kPa and 50 passes). The middle row shows unabraded skin at 1 h (d), 6 h (e) and 24 h (f) after applying sulforhodamine to the skin surface. The bottom row shows abraded skin with complete stratum corneum removal at 1 h (g), 6 h (h) and 24 h (i) after applying sulforhodamine to the skin surface. All fluorescence microscopy images (d-i) were collected at the same exposure time and gain using the same microscope and camera.
to make an array of small holes in the skin, rather than abrading a single, large area. This geometry of skin abrasion better mimics the way the skin barrier is breached in other methods, such as microneedles and thermal ablation, and should be more suitable for future applications of microdermabrasion in transdermal drug delivery.
The histological results from delivery of sulforhodamine in this way are shown in Fig. 5 . The left column shows the effects of microdermabrasion under conditions that remove stratum corneum, while the right column shows the effects after removal of full epidermis. The tissue removal pattern enabled by the mask is shown in the en face images of the skin surface presented in the top row of the figure (Fig. 5a-b) , where the regions of abrasion are colored with a green dye that selectively stains sites of stratum corneum removal. The greenstained spots on the skin with full epidermis removal (Fig. 5b ) appear darker and larger, which is consistent with deeper abrasion. The middle row shows representative H&E-stained histological sections of skin showing removal of stratum corneum (Fig. 5c ) and full epidermis (Fig. 5d) at spots corresponding to the holes in the masks (see arrows). Finally, the bottom row shows the same histological sections of skin presented in the middle row, but imaged under fluorescence optics to show the permeation of sulforhodamine into the skin after microdermabrasion. Note that there is no sulforhodamine fluorescence at the sites of tissue removal (see arrows), because there is no tissue there to retain the dye during tissue washing.
Permeation of Sulforhodamine
We next quantified skin permeability by measuring the cumulative permeation of sulforhodamine across skin with Fig. 2 The cumulative permeation of sulforhodamine across full-thickness porcine skin after tissue removal by microdermabrasion: unabraded negative control skin (■), skin with partial stratum corneum removal abraded at −25 kPa (▲) and −45 kPa (Δ) with 10 passes, and skin with full stratum corneum removal abraded at −25 kPa (•) and −45 kPa (○) with 50 passes. Each data point represents the average±standard deviation (SD) of n03 replicates. Fig. 3 Representative histological sections of porcine skin showing permeation of red-fluorescent Texas Red-labeled bovine serum albumin (BSA) into skin after tissue removal using microdermabrasion. The top row shows unabraded skin at 1 h (a), 6 h (b) and 24 h (c) after applying BSA to the skin surface. The bottom row shows abraded skin with complete stratum corneum removal (microdermabrasion at −50 kPa, 50 passes) at 1 h (d), 6 h (e) and 24 h (f) after applying BSA to the skin surface. All images were collected at the same exposure time and gain using the same microscope and camera. stratum corneum and full epidermis removed, as shown in Fig. 6 . Sulforhodamine did not significantly penetrate intact skin. The cumulative amount transported after 12 h was below the detection limit.
Removing the stratum corneum significantly increased the flux. The cumulative amount transported after 12 h was 7.4±0.3 μg/cm 2 . The corresponding skin permeability calculated from the steady-state region of the graph was 1.2 × 10 −3 ± 0.7 × 10 −3 cm/h with a lag time of 0.78 ± 0.46 h, which is a similar permeability to that found in pig skin, but with a shorter lag time due to the decreased thickness of the dermatomed skin. Removing full epidermis increased skin permeability even further. The cumulative amount transported after 12 h was 56.5±0.2 μg/cm 2 , and the corresponding skin permeability was 8.7×10 −3 ±1.2×10 −3 cm/h with a lag time of 0.32±0.11 h. Skin permeability of sulforhodamine was approximately 7 times higher after removal of full epidermis compared to removal of stratum corneum. This shows that the viable epidermis was a significant barrier to transdermal diffusion of sulforhodamine after removal of stratum corneum.
Permeation of Insulin
We also assessed skin permeability to insulin after microdermabrasion using an FDA-approved human insulin solution (U-500 Humulin) spiked with FITC-labeled bovine insulin. Skin permeability was determined by measuring transdermal flux of FITC-labeled insulin by fluorescence spectroscopy and FDA-approved insulin by ELISA As shown by the data generated by fluorescence measurements in Fig. 7a , insulin did not significantly permeate across intact skin. The skin with stratum corneum removed had a permeability to insulin of 2.2×10 −5 ±3.7×10 −6 cm/h with a lag time of 2.0±1.6 h. The skin with full epidermis removed had a permeability to insulin of 2.4×10 −4 ±1.2×10 −4 cm/ h with a lag time of 7.2±0.9 h. The skin permeability to insulin after removal of full epidermis was approximately 11 times higher than in skin with only stratum corneum removed. Similar data were generated by measuring insulin flux by ELISA (Fig. 7b) . Using this assay, the skin with stratum corneum removed had an insulin permeability of 4,5× 10 −6 ±4.9×10 −6 cm/h with a lag time of 9.5±2.9 h. The skin with full epidermis removed had an insulin permeability of 5.0×10 −4 ±2.2×10 −4 cm/h with a lag time of 6.7±1.8 h.
The skin permeability to insulin after removal of full epidermis was more than 100 times higher than in skin with only stratum corneum removal. There is generally good agreement between the measurements made by the fluorescence and ELISA assays for skin with full epidermis removed. The values for skin with only stratum corneum removed do not agree, where the fluorescence-based assay yielded a much higher permeability and shorter lag time than the corresponding measurements by ELISA. We expect the ELISA assay is more reliable because ELISA is highly specific to insulin detection and because the lag time is surprisingly short for the fluorescence data. , and 24 h (c) after applying influenza virus to the skin surface. The bottom row shows abraded skin with complete stratum corneum removal (microdermabrasion at −50 kPa, 50 passes) at 1 h (d), 6 h (e), and 24 h (f) after applying influenza virus to the skin surface. All images were collected at the same exposure time and gain using the same microscope and camera.
DISCUSSION
This study primarily sought to assess the relative barrier properties of stratum corneum and viable epidermis. As novel physical and chemical methods are developed that effectively permeabilize stratum corneum, the role of the barrier posed by viable epidermis becomes increasingly important. Our data suggest that methods that only permeabilize stratum corneum are much less effective than those that permeabilize the full epidermis. We found that removal of stratum corneum dramatically increased skin permeability, but removal of the full epidermis increased skin permeability by another 1-2 orders of magnitude beyond the skin permeability achieved with just stratum corneum removed, depending on the molecule being delivered.
Relevance of Study Findings to Design of Drug Delivery Methods
These findings are significant to development of novel methods of transdermal drug delivery. For example, chemical approaches have emphasized formulations that selectively disrupt lipid bilayer structures in the stratum corneum and typically seek specifically to avoid effects in the viable epidermis in order to prevent skin irritation (4, 5) . This study suggests that such approaches are inherently limited as they increase stratum corneum permeability but do not address the barrier of the full epidermis.
Design of physical approaches can also be improved by the findings of this study. For example, thermal ablation using lasers and heating elements can be controlled to remove different amounts of skin tissue (21) (22) (23) (24) . This study suggests that more-aggressive ablation will be more effective. Recent studies that measured skin permeability after removing different amounts of skin tissue by thermal ablation showed that permeation of diclofenac increased with increasing pore depth into epidermis for diclofenac (25) , but not for lidocaine (26) .
Microneedles do not typically remove tissue, but instead puncture holes into the skin (27) . This study suggests that microneedles that penetrate only across stratum corneum should be less effective than ones that penetrate more deeply Fig. 5 Representative images of split-thickness human skin after microdermabrasion through a mask applied to the skin surface to control tissue removal in three dimensions. The left column shows skin abraded to remove the stratum corneum (microdermabrasion at −30 kPa for 20 s) and the right column shows skin abraded to remove full epidermis (microdermabrasion at −50 kPa for 60 s). The sites of tissue removal as determined by the mask geometry are shown by staining with green dye in the en face images shown in the top row (a, b). The depth of tissue removal at the sites of microdermabrasion is shown in the histological sections with H&E staining in the middle row, where stratum corneum was removed (c) and full epidermis was removed (d). The arrows point to the areas of abrasion. Finally, the same histological sections shown in parts (c) and (d) are shown again using fluorescence optics (e, f). The permeation of sulforhodamine into the skin is seen after sulrorhodamine had been applied to the skin surface for 12 h.
to create holes that cross the full epidermis. Due to the biomechanics of microneedle insertion into skin, it is difficult to insert microneedle just across stratum corneum and not across the full epidermis (28) . As a result, most studies have used microneedles that penetrate more deeply, which may contribute to their success in drug delivery. A notable exception involves extremely short microneedles inserted under high velocity, which are reported to penetrate into, but not across, the epidermis (29) . However, these studies addressed skin vaccination, where the target cells were dendritic cells found in the epidermis and delivery to the dermis to reach systemic circulation was not needed.
The reason why some studies have emphasized limiting permeabilizing effects to stratum corneum is because damaging viable epidermis could cause pain, irritation and other adverse effects. Our study conducted in vitro cannot assess these possible limitations. However, in a previous study we used similar microdermabrasion conditions to remove skin tissue in vivo in guinea pigs and monitored skin repair (30) . We found that microdermabrasion that removed stratum corneum was well tolerated by the animals and that skin histology returned to normal appearance within 24 h. In a related body of literature, we and others have found that insertion of microneedles across the full epidermis and into the dermis is reported as painless, generates only mild, transient erythema and is otherwise well tolerated in human subjects (31) (32) (33) . Similarly, thermal ablation of skin that is believed to remove viable epidermis has also been well tolerated (23, 34) .
This study was carried out in vitro, which has limitations. For example, when we use the term "viable epidermis," we recognize that the epidermis is no longer living in the Fig. 7 The cumulative permeation of insulin across split-thickness human skin after tissue removal by microdermabradsion through a mask: unabraded skin (□), skin with stratum corneum removed by microdermabrasion at −30 kPa for 20 s (▲) and skin with full epidermis removed by microdermabrasion at −50 kPa for 60 s (♦). (a) Insulin delivery was determined by spectrofluorimetry based on permeation of FITC-labeled bovine insulin. (b) Insulin delivery was determined by ELISA based on permeation of recombinant human insulin (U-500 Humulin). Average±SD, n03. Permeation of insulin in (b) is greater than in (a) because the human insulin was provided at a higher concentration than the bovine insulin in the donor solution (see Materials and Methods). The cumulative permeation of sulforhodamine across split-thickness human skin after tissue removal by microdermabrasion through a mask: unabraded skin (■), skin with stratum corneum removed by microdermabrasion at −30 kPa for 20 s (▲) and skin with full epidermis removed by microdermabrasion at −50 kPa for 60 s (♦). Average±SD, n03.
cadaver skin used in this study, but use the term to identify the portion of epidermis located below the stratum corneum, following common convention (2) . However, we previously conducted a study of insulin delivery to diabetic rats in vivo after microdermabration of the skin. In that study, we similarly found that insulin delivery, and corresponding blood glucose reduction, were much larger after removal of full epidermis than after removal of just stratum corneum. Moreover, there is growing evidence for the presence of tight junctions in the viable epidermis that limit diffusion of molecules (3). These tight junctions are probably not intact in cadaver skin, which suggests that our in vitro studies may underestimate the barrier properties of viable epidermis in vivo. Another component of the epidermal barrier is the basal lamina, located between the viable epidermis and dermis, which has been shown to serve as a barrier to compounds larger than 40 kDa (35) , but, on the other hand, is sufficiently permeable to allow migration of cells, such as Langerhans cells, between the epidermis and dermis (2) .
Results from this study are generally consistent with the prior literature. A previous study compared glucose transport in dermis versus viable epidermis and concluded that glucose diffusivity was much lower in the viable epidermis compared to the dermis (36) . Much lower diffusivities of steroids in tape-stripped skin measured in one study (37) compared to their diffusivities in the dermis measured in another study (38) would be explained by lower diffusivity in viable epidermis compared to dermis (38) .
Microdermabrasion as a Drug Delivery Method
Although the primary focus of this study used microdermabrasion as a tool to examine barrier properties of stratum corneum and viable epidermis, our secondary goal was to assess the use of microdermabrasion as a skin pretreatment to increase transdermal drug delivery. This study showed that a brief (<1 min) pretreatment of skin dramatically increased skin permeability of a small hydrophilic molecule (sulforhodamine), proteins (BSA, insulin) and a vaccine (inactivated influenza virus). The ability to deliver hydrophilic compounds and macromolecules would dramatically expand the scope of molecules that can be delivered across skin and could provide a useful alternative to hypodermic injection of vaccines and protein therapeutics.
Our approach to microdermabrasion enabled threedimensional control of the amount of tissue removed. Controlling microdermabrasion parameters-especially the number of passes, which controlled the duration of exposure-controlled the depth of tissue removal. The use of a mask on the skin surface controlled the area of tissue removal, which was limited to a circle of 125 μm diameter in this study. This hole size is similar to those created by thermal ablation and microneedles, which have been well tolerated in animals and humans (23, (31) (32) (33) (34) . In this way, microdermabrasion removed microscopically small pieces of tissue, each with a volume of just 1.2×10 −6 cm 3 (based on diameter of 125 μm and a depth of 100 μm). This is expected to be painless, rapidly healing, and almost invisible to the eye.
Current microdermabrasion instruments used for cosmetic purposes are relatively large and costly, and require expertise to operate, which would limit use primarily to inclinic procedures. However, we envision home-use of microdermabrasion by patients themselves by replacing current multi-user devices that include multiple adjustable controls with simpler devices purpose-built to increase skin permeability. Hand-held, potentially single-use, devices could be developed specifically for skin tissue removal at predetermined operating conditions. Future research will be needed to assess the possibility of developing such a small, simple-tooperate and low-cost device.
CONCLUSION
Most approaches to increasing skin permeability seek to breach the stratum corneum barrier without damaging viable epidermis. However, we hypothesized that viable epidermis offers a significant permeability barrier to both small molecules and macromolecules that becomes the ratelimiting step upon sufficient permeabilization of the stratum corneum. This study supported that hypothesis by showing that after significantly increasing skin permeability by removing stratum corneum using controlled microdermabrasion, skin permeability was further increased by 1-2 orders of magnitude to a small hydrophilic molecule as well as macromolecules upon removal of the full epidermis.
These observations lead to the following three conclusions: (i) viable epidermis poses a significant barrier to transdermal diffusion in the absence of stratum corneum, (ii) transdermal drug delivery using methods that significantly increase stratum corneum permeability, such as certain chemical formulations, thermal ablation, microneedles and microdermabrasion, may benefit from increasing permeability of the full epidermis and not just the stratum corneum and (iii) microdermabrasion, especially in combination with a mask to limit the area of tissue removed, may be a novel and effective means of increasing skin permeability for transdermal delivery of hydrophilic drugs and macromolecules.
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